Abstract: According to the universal biological findings, cellular bodies are covered with an intense coating of glycans. 
Introduction
Cellular and molecular biology in standard medical curriculum still carry the Crick's 1970 view (DNA makes RNA makes proteins), along with the explanations of cells and tissues. This description is carrying a solid impression for physicians and medical students that the nucleic acids, lipids and proteins are the only cellular components of human body. Additionally, little description of glycans in preclinical text books and inadequate training of medical students in this field have enhanced this historical obscurity in the minds of medical students and physicians. In the recent few years, carbohydrate study has emerged from this orthodox obscurity, raising the specialized field of glycobiology [1] [2] [3] .
The glycans being prominently and ubiquitously distributed on the cell surface and secreted biomolecules in biological systems are associated with a wide range of physiological and pathological events in human body. The structural diversity is found much higher in carbohydrates as compared to proteins and lipids, only one of which might be relevant for the specific cellular action. Structural complexity of glycan chains, linked to lipids and proteins is due to isomeric and conformational behavior of various sugar residues, giving rise to unique carbohydrate structures with wide range of anomeric configurations. This unique and significant structural diversity of naturally occurring oligosaccharide structures make them best recognition markers for countless physiological activities [4] [5] [6] [7] .
The current review discusses the biological significance of Gal by considering the few examples from medical biology. The Gal moiety is playing vitally important roles as being the part of glycans in complex biomolecular assemblies. Sequence and anomeric linkages of this sugar are the mysterious features, mediating or modulating variety of physiological and pathological events in body ( Figure 1 ). The underlying sugar moieties and the modifications on Gal in the form of acetylation, sulfation and methylation are also contributing specific biological role in human life.
The presence of -NHAc at C-2 can influence the charge density and anomeric linkage of Gal in the form of GalNAc. Gal sugar also serves as component of binding sites for wide range of pathogens, selectins and toxins. During the pathogenic interactions, the pathogen binding proteins specifically recognize the Gal with particular anomeric linkage to the penultimate sugar. Molecular mimicry is another class of function, in which the microbial pathogens decorate themselves with the Gal and GalNAc residues carrying the vicinal sugar motifs with defined sequence and anomeric linkages and mediate the invasion of host immunity. For example, Galα1-4Gal has considered as most preferable disaccharide for powerful binding of S. suis with the host cells. Such diverse pathologic functions are associated with Gal residue, mimicking or binding the evolutionary isoforms of pathogen binding proteins [8] [9] [10] [11] [12] .
With this outline, we can now consider the few examples of Gal carrying specific role of Gal in human health and diseases. Consideration of each example is, of necessity, brief and somewhat superficial, and the emphasis is placed on the areas where there have been recent advances.
Anatomy and physiology of Gal
Due to carrying different hydroxyl groups, the Gal moiety contributes to the biophysical features of various biological systems. The additional diversity on Gal in the form of methylation, sulfation, fucosylation and sialylation modulates the various unwanted interactions (including selectin adhesions and pathological infections) in circulating blood. Determination of half-life of circulating proteins is also a critical factor linked with sialylated Gal. Moreover, the ligand interaction of L-, P-and E-selectins are facilitated by Gal due to possessing specific anomeric linkage with the underlying sugar residues. Such aberrant galactosylation patterns and modifications on Gal are contributing much to facilitate the ligand interactions with intrinsic (selectins, Siglecs, uterine and agglutinin) and extrinsic receptors (pathogen-binding proteins and toxins). For example, the inflammatory responses by glomerular mesangium cells are regulated by the aberrant galactosylation pattern of IgA1. Similarly, specific interaction of M. pneumonia (Galβ1-) with sulfated glycolipids, and particular ligand binding of selectins with Gal carrying oligosaccharides also corroborate the significance of Gal in various physiological and pathological phenomena. Determination of blood group antigens and variation in localization of blood group variants in normal and cancer cells are also linked with structural features (sequence and anomeric linkages) of Gal [10, [13] [14] [15] [16] [17] [18] .
Pharmacology
The phenomena of modulating the half-life of glycoprotiens is of practical significance because many bio-therapeutic products like antibodies, hormones and cytokines are glycoprotein in nature. Several attempts are still being made to produce the non-human bio-therapeutic products for the diagnosis of various pathological and immunological events in body. One of the recent pieces of evidence has reported the utilization of snail lectins for the characterization of aberrant glycosylation in IgA1 (isolated from IgA nephropathy patients). Similarly, the ligand binding of leguminous plant Dolichos biflorus lectin (DBL) with Gal and GalNAc carrying blood group variants reflects the characterization ability of plant lectins for blood group antigens. The Peanut agglutinin (PNA) and Amaranthin have also been used for the recognition of T-antigen disaccharide (Gal β1-3GalNAc) structures. The strong binding interaction of Iris lectin for Gal motifs (GalNAcα1-3Gal and GalNAcα1-6Gal) highlights the biological significance of plant lectins in pharmacology [16, 19] .
Many non-human (mammalian) bio-therapeutic products are being produced in the mammalian cell lines, equipped with Neu5Gc residue. The presence of sialic acid residues in mammalian cell lines and sailylation tendency of Gal during cellular culture and pathological ligand binding can contaminate the production of mammalian bio-therapeutic products. Due to these pharmacological impacts, the scientists and manufacturers are trying to create some setero-electronic features on Gal, which can control the unwanted interactions and glycosylation patterns [20] [21] [22] [23] [24] .
Another potential impact of Gal, is linked with the immunogenic role of anti-Gal antibodies. The difference in half-life of bio-therapeutic products depends upon the behavior of anti-Gal antibody inside the patient body. The xenography and transplant survival of various tissues are linked with the formation of antigen-antibody complexes, which can augment the self-risk immune reactions, against such oligosaccharide motifs. However, tremendous research is being performed to minimize the immunogenic effect of Gal carrying bio-therapeutic products [1, 25] .
Bioinformatics
Different glycan databases like Kegg, Glycoepitope, Glycosuite, Glycome DB, Complex Carbohydrate Structural Database (CCSD), GlycoMaps, Glycobase and Glycoscience database are publicly present to evaluate the implications of sugar residues in specific recognition activities serving as a tool for the therapy of cancer and other fatal diseases. These databases provide the information about glycan structures and their functional diversity, but are still limited about the structure-function relationship of sugar motifs.
Kegg 
Microbiology and pathology
Carbohydrates carrying Gal residue are the most common receptors for microbial infections like gonorrhea, sleeping sickness, meningitis, diarrhea, pneumonia and influenza. Glycan-protein interaction is one of characteristic features of microbial adhesion. A microbial ligand exhibits different binding potential for microbial iso-receptors due to carrying different stereochemical conformations. For example, P. granulosum and N. gonococcus can recognize the lactosylceramide motif (Galβ1-4Glc1-1Cer) of lacto and neo-lacto series, but have different binding specificity for isoreceptors. The cellular interaction between host cells and S. suis is mediated and modulated by the Gal residue of oligosaccharide motifs. In literature, Galα1-4Gal has considered as most preferable disaccharide for powerful binding of S. suis with the host cells [9, [34] [35] [36] [37] [38] [39] .
Similarly, the β1-4 and β1-3 with Gal moiety are the preferable anomeric linkages for ligand binding of E. histolytica. Terminal addition or removal of Gal can also affect the binding potency of E. histolytica. Likewise, the terminal Gal with α1-4 linkage is found dynamic ligand for extrinsic receptor of E.coli in human uroepithelial cells [40] .
By looking at the wide distribution and terminal location in glycans, it is not surprising to say that the Gal is being targeted by large number of pathogens and their toxins. Sometimes the binding interaction depends upon the sequence, but majorly it seems to be dependent on the anomeric linkage of Gal with underlying sugar moiety. Gal carrying ligands and their associated pathology in different pathogens are recorded in Table 1 .
Pulmonology
Sulfated Gal residues are prominently found as a major component of secreted mucins in the air ways. As mentioned earlier, the sulfated Gal holds effective binding sites for M. pneumonia and influenza virus. The negative ionic potential and hydrophilicity of sulfate group are considered as strong sticking force for the rheological features of mucus, which contribute to lubricate the airways, and interact with the various pathogens and charged particles inhaled through air. The fate of sulfated Gal can induce the abnormal pathological abnormalities especially in airways. Sulfated carbohydrate structures are highly localized in the airway mucins, secreted by patients of bronchitis and cystic fibrosis [41, 42] . Cystic fibrosis is a genetic defect in chloride channel which is specifically associated with the modification in glycosylation pattern, by replacing the sialic acid with sulfate moiety on Gal residue. Glycans in cystic fibrosis contain the Gal β1-3 moiety with sulfate group at the C-6. Such glycans with the disaccharide (6Sul-fated)Galβ1-3GalNAc, trisaccharide (6Sulfated)Galβ1-3GlcNAcβ1-3GalNAc, tetrasaccharide (6Sulfated) Galβ1-4GlcNAcβ1-3Galβ1-3GalNAc and pentasaccharide (6Sulfated) Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3GalNAc structures are studied by Mawhinney Pseudomonas aeruginosa
Ligand for extrinsic receptor/ [28] Helicobacter pylori co-workers in 1987 [43] . But the fucosylated glycans in chronic bronchitis have sulfate moiety at the C-3 of Gal β1. However the relationship between glycosylation pattern and the physical features of mucus is not fully explored until now. We can imagine that the residing of colonies of various pathogens in air ways is associated with stereochemical features of sulfated Gal, inducing the specific properties in airway mucus [41] [42] [43] .
Gastroenterology
Like lungs and airways, the lining of gastrointestinal canal has intense coating of glycans carrying Gal moieties on the cellular surfaces. In the acidic environment of stomach, the sialic acid moieties are mostly replaced with sulfate group but a few one remained intact with the glycan to create the high charge potential along with sulfate moiety. Many evidences are present in the literature, to illustrate the role of sialylated and non-sialylated Gal in the binding interaction of H. pylori with the epithelial lining of gastrointestinal tract. The binding of this pathogen facilitates the gastric disorders like ulcer and gastric cancer. The lactotetraosylceramide holding the terminal Gal residue with β1-3 anomeric linkage is considered as a significant cancer marker for human gastric epithelium carcinoma [44] . Similarly, human blood variants are considered as potential biomarkers for the early detection of cancer diseases. For example, the human blood group B determinant Gal(α1-3)Fuc(α1-2)Gal is a recognition marker for rectal carcinoma. Moreover, the Lewis blood group variants with Gal(β1-3)GlcNAc and Gal(β1-4)GlcNAc epitopes, have used for the characterization of human intestinal and gastric carcinomas [45] .
Enzymology
Biosynthesis of many complex carbohydrates, glycoproteins and glycolipids is regulated by Gal and its derivatives. At the level of enzymology, galactose-1-phosphate uridyltransferase (GALT), galactokinase (GALK), uridine diphosphate (UDP)-galactose 4′-epimerase (GALE) are collectively responsible for Gal metabolism by Leloir pathway. These enzymes metabolized the environmental Gal which synthesize the endogenous UDP-gal during the limited environmental sources. The interconversion of UDP-gal and UDP-glc is also facilitated by human GALE enzyme. Impairment in any Leloir enzymes can regulate and/or modulate the biological disorders in body. For example, the deficiency in galactose-1-phosphate uridyltransferase cannot facilitate the conversion of galactose-1-phosphate into glucose and ends up with galactosemia. Additionally, the high accumulation of galactose-1-phosphate can produce severe epidemic effects on liver, kidneys, eyes, ovaries, central nervous system, and other biological systems. Similarly, the deficiency in galactokinase is also linked with the metabolic disorder characterized by the concentration of brain Mg 2+ -ATPase, galactose, galactose-1-phosphate, galactitol and creates the risk of neurologic or liver disorders [46] [47] [48] .
Lactose is the good source of sugar calories in mammalian milk. Lactose synthase is a hetrodimeric protein having galactosyltransferase as a protein A component and α-lactalbumin as a component B. The synthesis of lactose in lactating mothers after delivery is a complex process of enzymes and hormones. During pregnancy the estrogen, insulin, cortisol and prolactin hormones regulate the synthesis of galactosyltransferase while the fall in the progesterone induces the production of α-lactalbumin after birth. These hormonal and enzymatic regulations control the formation of lactose instead of lactosamine, a typical product of non-lactating women [49] [50] [51] .
Fertilization
Many experimental evidences suggest that the interaction of sperms with the surface and fluids of female reproductive tract are linked with the nature, sequence and anomeric linkages of sugar residues in glycoprotiens. Nature, sequence and anomeric linkages of the sugar residues are valuable tools for preventing unintended pregnancy in mammals. Free-swimming sperms have significant adhesion specificity for O-linked glycoprotiens (mZP1, mZP2 and mZP3), carried by zona pellucida. After binding of sperms with the carbohydrate epitopes, sperms undergo the cellular exocytosis and acrosomal reaction which enable them to penetrate the zona pellucid for fertilization. According to the known the experimental evidences fucosylation of the terminal Gal in two trisaccharides (Galβ1-4GlcNAcβ1-4GlcNAc) and (Galα1-3Galβ1-4GlcNAc) of zona pellucid can enhance the sperm-egg binding [52] [53] [54] .
Immunology
Human serum contains natural anti-carbohydrate antibodies, having specificity for the host cell glycoepitopes. Recognition of blood group B antigen (Galα1-3Fucα1-2Galβ-) by isoantibodies, and agglutination of desialylated human erythrocytes by anti-T antibodies (due to Galβ1-3GalNAcα1-Ser/Thr units) highlight the rec-ognizing diversity of Anti-Gal antibodies for the terminal Gal. Due to incomplete biosynthesis of O-glycans, the GalNAcα1-Ser/Thr units are expressed on mucins in rare Tn syndrome and characterized by anti-Tn antibodies. Both T and Tn antigens are exposed by cancer cells and considered as vital tools for malignancy determination. The Gal specifi c ligand adhesions are the significant tools for lectin family, targeted by immune cells. For example, immunity to intestinal infection of Entamoeba species is specifi c with the intestinal IgA antibodies which target the Gal containing lectin of parasite [55, 56] . The literature study has also shown that the Gal and its sulfate derivative in glycosphngolipinds can behave as an alternate coreceptor for HIV-1 in CD4-cells. The high ligand interactions of host cell membranes with HIV-1 associated gp120 are facilitated by sulfated Gal [57] .
Hematology and oncology
The biological signifi cance of Lewis and ABO blood group antigens are linked with the glycoepitopes which generate genetical and biochemical specifi cities on red blood cells. These blood group antigens perform different biological functions due to carrying the particular sugar with specifi c sequence, anomery and linkage (Figure 2 ). Blood group determination and cancer recognition are vitally important biological functions associated with terminally positioned Gal moiety having specifi c anomeric linkage. For example, the blood group B determination is specifi cally associated with the oligosaccharide motif of glycolipid carrying terminal Gal with α1-3 anomeric linkage. The difference in anomeric linkage of fucosylated Figure 2 . Glycosylation patterns of Galβ1-3GlcNAcβ1-to form A, B, H and Lewis blood group antigens [19] .
Gal in type 1 and 2 chains of blood group A may facilitate the characterization of normal and cancer and cancer tissues [18] . Moreover, the characterization of tumor tissues is associated with the high expression of monofucosylated and difucosylated Gal. This high expression of fucosylated Gal in tumor tissues links the alteration in core structure of carbohydrates with tumor development.
Similarly, the Lex, Ley and sialylated Lex structures contain fucosylated Gal sugars with particular anomeric linkage in oligosaccharide motifs, highly expressed in colon adenocarcinoma. Lea, its dimeric and hybrid structure with Lex are associated with squamous lung and testicullar cancer. These structures are detected by Gal-antibodies specific for the tumor-associated antigens [58] [59] [60] [61] .
Further detail about the biological significance of glycoepitopes is given in the Table 2 .
Conclusion
Gal sugar and its diversity show that it is difficult to study the roles of this sugar in health and diseases in a single review. The current short survey reflects that many biological processes of Gal, together with their role in health and diseases remain to be uncovered. Additionally, many questions are still present such as the importance of anti-Gal antibody, stereoelectronic effect of galactosylation, sialylation and fucosylation in different biological events of body. This clearly highlights the need to amplify the current efforts to interpret the roles of glycan epitope during normal and abnormal conditions of body. Moreover, the penultimate sugar residues have their own importance regarding the diversity in stereochemical features and cellular physiology. Many review articles in the literature discuss the importance of single sugar residue but did not explore the effect of neighboring sugars on human biology.
This study could be an impetus for young researchers to further interpret the memory capability of complex glycan structures, with the aim of designing the vital therapeutic elements for the cancer and various other diseases. This study can also be used for the development of database tool and prediction models to forecast the physiological behavior of glycocojugates on the basis of their structures. 
